A high yield, rapid and simple procedure is described for extracting RNA from mycobacteria and other micro-organisms refractory to disruption. The method yielded 20 µg RNA/10 9 Mycobacterium bovis BCG, more than 10 times greater than our previous method. Intact full length hsp 70 (dnaK) mRNA was detected by northern blotting and quantitated after heat shock by slot blot hybridisation.
Methods for isolating intact RNA from bacteria are problematic. This is especially true of the genus mycobacterium which contains the important human pathogens Mycobacterium tuberculosis and M.leprae. Mycobacteria have complex cell walls containing covalently associated peptidoglycans, arabinogalactans and mycolic acids and are rich in complex polysaccharides (lipoarabinomannans, glucans, mannans), long-chain multimethyl-branched waxes and phospholipids (1) . They cannot easily be disrupted by standard chaotropic or detergent solutions used for the rapid lysis of other bacteria. Rapidity of lysis is the most important parameter in RNA extraction as the half life of bacterial mRNA is extremely short (2) . Current methods for extracting mycobacterial RNA are based on enzymatic lysis (3), sonication (4), nitrogen decompression (5) or bead-beating (6) . These methods either rely on enzymatic lysis, an inherently slow process which profoundly alters gene expression (mRNA levels), or require cell disruption procedures which are impractical under the required specialist safety precautions for hazard group 3 microorganisms (7).
A method has recently been described for disrupting bacteria using a high speed reciprocating shaking device in combination with 0.1 mm silica/ceramic beads (8, 9) . Bej et al. (8) used a single detergent (CTAB) at neutral pH to extract RNA from Vibrio cholerae. Cheung et al. (9) used CTAB/phenol in a bi-phasic solution at low pH for mycobacterial RNA extraction. However, after exhaustive testing to establish this method in our laboratory using the CTAB/phenol reagents (9) and a similar reciprocal shaker (Hybaid Ribolyser TM ), we failed to obtain RNA (Fig. 1 , lane 2). Commercially available solutions based on the method of Cheung et al. (9) also proved ineffective in achieving detectable levels of RNA from mycobacteria as well as from other bacteria. Having proved by microscopy that the shaker had caused total mycobacterial lysis, we reasoned that inconsistent and poor yields of RNA were due primarily to the use of inappropriate detergents to solubilise and partition nucleic acids from the complex polysaccharides of the mycobacterial cell wall. Therefore, we systematically tested a large number of chaotropic agents and detergents in order to identify an effective substitute for CTAB that produced reproducible high yields of RNA. Among those tested were brij 58, thesit, CAPS, CHAPS, SDS, sarcosyl, Tween 20/80, Triton X-100, NP-40 as well as laboratory and domestic detergent reagents. From our studies we have found that mixed detergent lysis at low pH is essential for the high yield recovery of bacterial RNA, with minimal genomic DNA contamination. A rise in pH above 6.0 caused the level of contaminating bacterial DNA to increase dramatically. Here we describe a reproducible, high yield bacterial RNA isolation procedure for mycobacterial species based on a commercial glass washing compound: Divolab No.1 (Diversey Ltd, UK), an alkaline non-ionic/anionic surfactant mixture. We tested the individual components of this solution and found no individual component that matched the performance of the mixture, again possibly reflecting the chemical complexity of mycobacterial cell walls.
Mid-exponential phase bacteria grown in liquid media (50-100 µl pellet volume) were harvested by centrifugation at 13 500 r.p.m. for 20 s in a microfuge, washed in 0.5% Tween 80 solution (a critical step when using some growth media), repelleted and resuspended in 200 µl RN′ase free distilled water. To a Hybaid Ribolyser TM blue tube (a 2 ml skirted screw-capped microcentrifuge tube with 'O' ring seal, containing acid-washed 0.1 mm silica/ceramic beads) were added: 500 µl detergent solution (9.6 ml Divolab No.l, 24 ml 500 mM sodium acetate pH 4.0, 66.4 ml RN′ase free water), 500 µl acid phenol (water * To whom correspondence should be addressed. Tel: +44 181 725 5721; Fax: +44 181 682 1320; Email: butcherp@sghms.ac.uk saturated phenol equilibrated with 50 mM sodium acetate pH 4.0), 100 µl chloroform/isoamyl alcohol (24:1) and 200 µl resuspended bacterial pellet. The tube was immediately processed in the reciprocal shaker for 45 s at 6.5 speed setting and left on ice for 10 min. Cell debris was removed by centrifugation at full speed in a microcentrifuge for 10 min. The aqueous phase was removed to a fresh tube and re-extracted with an equal volume of chloroform/ isoamyl alcohol (24:1). The aqueous phase was again removed and the RNA precipitated by the addition of 500 µl isopropanol solution (0.3 ml 3 M sodium acetate pH 4.0, 49.7 ml isopropanol) at -70_C for 30 min. The sample was pelleted by micro-centrifugation for 15 min and briefly vacuum dried. RNA integrity and yield were assessed by ethidium bromide stained formaldehyde gel electrophoresis and by northern and slot blot hybridisation for hsp70 (dnaK) mRNA. Bacterial lysis and RNA stabilisation was achieved within 30 s of harvesting and RNA extracted in <1 h, allowing rapid and multiple total RNA extractions to be performed. Figure 1 shows ethidium bromide stained denaturing formaldehyde gels of total RNA extracted by this method from various bacterial species and the yeast Candida albicans, compared to Escherichia coli 16S and 23S rRNA. Intact RNA was recovered as judged by the 16S:23S rRNA ratios seen on the gels. The 5S rRNA (and any low molecular weight mRNA) are recovered by this method in contrast to alternative methods, such as RNA binding resins and caesium chloride ultracentrifugation, which size exclude them. The average yield of RNA for all the bacteria studied was 1-4 µg/100 µl pellet volume. We routinely obtain levels of 20 µg RNA/10 9 M.bovis BCG, in excess of 10 times greater than our previous method (10) and similar to that reported by Cheung et al. (9) . The presence of intact mRNA within the total RNA fraction was demonstrated by northern blotting of M.bovis BCG RNA extracted before and after heat shock at 45_C for 45 min and separated by formaldehyde gel electrophoresis (Fig. 2, lanes 1 and  2) . The blot was hybridised with a random primed [ 32 P]dCTP (>3000 Ci/mmol; Amersham) labelled probe for dnaK (Fig. 2B ) and after stripping it was reprobed with a PCR generated mycobacterial 16S rRNA probe to confirm equal loadings (Fig.  2C) . The northern hybridisation result reveals the heat inducibility of dnaK mRNA and a high molecular weight dnaK mRNA consistent with a full length transcript based on a coding region size of 1831 bases (nucleotide positions 158-1987 of the dnaK, dnaJ, grpE operon of M.tuberculosis, GenBank accession number X58406). In the non-heat shocked lane (Fig. 2B, lane 1) , the dnaK mRNA size, when compared to the E.coli 16S and 23S rRNA markers (1776 and 3566 bases respectively), extended to ∼3000 bases and may reflect full length monocistronic as well as polycistronic mRNA species, as suggested previously (10) . After heat shock (Fig. 2B, lane 2) , the hybridisation signal, although it shows large zoning due to over exposure, indicated the presence of high molecular weight mRNA transcripts. These results demonstrate the efficient recovery and structural integrity of short half-life mRNA species as judged by size on denaturing gels after gene specific hybridisation, and the specificity of detection indicated by the expected increase in mRNA levels seen after heat shock. Quantitation of mRNA was performed by slot blot hybridisation (not shown) and Phosphorimager (Molecular Dynamics; Stormt) analysis and confirmed previous studies (10) showing 80-fold upregulation of dnaK after heat shock at 45_C for 45 min.
The method detailed here is a substantial improvement on existing RNA isolation procedures for mycobacteria and is equally applicable to other difficult to lyse microorganisms, such as Streptococcus pneumoniae (which is prone to autolysis), as well as candida, corynebacteria and nocardia species that have complex cell walls. It obviates the need for sonication, ultra-centrifugation, or other hazardous or time consuming processes. The complete procedure can be carried out in sealed tubes in a Class 1 safety exhaust cabinet allowing RNA extraction from hazard group 3 micro-organisms, including M.tuberculosis. A further benefit of this method is that only low levels of genomic DNA are co-recovered: not seen on the gel but detectable by PCR. This low cost and readily available glass washing detergent was found to be superior to other methods currently available for mycobacterial RNA extraction in terms of yield, purity and reproducibility. Direct analysis of gene expression at the mRNA level is a priority in the tuberculosis research field since many of the genetic methods such as transposon mutagenesis and homologous recombination used in bacterial genetics are not as yet applicable to the slow growing pathogenic mycobacteria. This RNA extraction method thus addresses current problems by permitting the rapid isolation with high yields of intact mycobacterial mRNA for subsequent analysis.
